Here, the author expands on the results of the paper ''Explicit Solution to Green and Ampt Infiltration Equation'' by Serrano published in 2001. Specifically, new simple expressions are given for the cumulative infiltration depth and the infiltration rate that include more terms in the decomposition series. These expressions improve the results and overcome the transcription errors in Eqs. ͑16͒ and ͑17͒ in the paper by Serrano. A criterion for the convergence of the series is given with graphical illustrations of applications. Generally, the decomposition solution is accurate for a wide range of soil and hydrologic parameters. Important errors occur when the rainfall rate is very high relative to the soil hydraulic conductivity ͑e.g., high rainfall intensity on clayey soils͒. As time increases, the errors decrease and the decomposition solution is accurate.
Introduction
There are several analytical series approximations to the Green and Ampt ͑1911͒ infiltration equation ͑see Kutilek and Nielsen 1994 for examples͒. Serrano ͑2001a͒ presented a new explicit solution. The new solution was built with a decomposition series of the implicit Green and Ampt equation ͓see Serrano ͑1997; 2001b͒ for an introduction to decomposition of nonlinear equations with examples͔. It was noted that a few terms in the series provided an accurate simple solution for practical applications. However, as with any asymptotic series, the decomposition expansion is not universally convergent. Sometimes the values of the parameters are such that the series is inaccurate over a portion of the time simulations. Motivated by the interest expressed by many readers, the author expands on the results by providing an improved expression that includes more terms in the series, while remaining of simple application. The author also establishes a simple criterion for convergence that allows the practicing hydrologist the determination of conditions of error.
Analysis of Decomposition Series of Green-Ampt Model
According to the Green and Ampt model, the infiltration rate is given by
where f (t)ϭinfiltration rate ͓L/T͔ at time t͓T͔; Kϭsoil saturated hydraulic conductivity ͓L/T͔; f ϭpressure head at the wetting front ͓L͔ is negative if we take the ambient atmospheric pressure as reference; nϭsoil porosity; i ϭinitial soil volumetric water content; and Fϭcumulative infiltration depth ͓L͔, given implicitly as 
Now, set m 1 (t)ϭ͓F 0 (t)ϩa͔/(F p ϩa) and m 2 (t)ϭa/͓F 0 (t) ϩa͔, and Eq. ͑5͒ becomes
By identifying the partial series, Eq. ͑6͒ reduces to
By expanding the partial series and factorizing, Eq. ͑7͒ may be written as
which converges to
Eq. ͑9͒ contains more terms of the decomposition series than Eq. ͑15͒ in Serrano ͑2001a͒ and improves accuracy slightly. It is pointed out again that Eq. ͑9͒ is not the exact solution because some terms in the infinite series have been disregarded. Differentiation of Eq. ͑9͒ with respect to t results in an expression for the infiltration rate f (t)
However, from the practical point of view, it seems simpler to calculate infiltration rate f (t) from Eq. ͑1͒ with F(t) given by Eq.
͑9͒.
A condition for the convergence of the series requires that
Besides the obvious requirement of the Green and Ampt model that the rainfall rate p͓L/T͔ exceeds the hydraulic conductivity K at all times, Eq. ͑11͒ assures an accurate solution very close to the exact one. Fig. 1 illustrates a comparison between the exact solution to Eq. ͑2͒ and the approximate decomposition solution Eq. ͑9͒. The following parameter values were used: pϭ20 mm/h; K ϭ10 mm/h; pressure head at the wetting front f ϭϪ100 mm; initial water content i ϭ0.1; and porosity nϭ0.4. In this case, the values of the parameters are such that the convergence requirement ͓Eq. ͑11͔͒ is satisfied at all times. Fig. 2 illustrates a comparison between the exact solution to the Green-Ampt model equations ͓Eqs. ͑1͒ and ͑2͔͒ and decomposition solution ͓Eqs. ͑9͒ and ͑1͔͒ for the infiltration rate. In general, excellent agreement is obtained between approximate and exact solutions when Eq. ͑11͒ is satisfied. Generally, the convergence requirement ͓Eq. ͑11͔͒ is not satisfied during high rainfall intensity on clayey soils. In other words, Eq. ͑11͒ is not satisfied when pӷK, or ͉ f ͉ is large. As t increases, however, Eq. ͑11͒ is eventually satisfied and Eq. ͑9͒ is accurate. For example, if in the previous example the hydraulic conductivity is reduced to Kϭ2 mm/h and the other parameters are kept as before, then Fig. 3 is obtained. In this case, the rainfall rate is about 10 times greater than the hydraulic conductivity, and the errors are important. As time increases, the errors gradually diminish, and, after about 15 h, Eq. ͑9͒ is again accurate. Fig. 4 shows the corresponding simulations for infiltration rate. Thus in practical calculations, the hydrologist may determine the time intervals where Eq. ͑9͒ might yield important errors for the particular soil and hydrologic conditions. In the above calculations, the time to ponding t p was estimated as ͑Dingman 1994͒
and the cumulative infiltration at the time of ponding was F p ϭpt p .
Summary and Conclusions
New simple expressions are given for the cumulative infiltration depth and the infiltration rate that include more terms in the decomposition series. A criterion for the convergence of the series is given. Generally, the decomposition solution is accurate for a wide range of soil and hydrologic parameters. Important errors occur with high-intensity rainfall occurring on clayey soils, i.e., when the rainfall rate is very high relative to soil saturated hydraulic conductivity. As time increases, the errors decrease and the decomposition solution is accurate. Fig. 2 . Comparison between approximate and exact solutions for infiltration rate when convergence is satisfied Fig. 4 . Comparison between approximate and exact solutions for infiltration rate when convergence is not satisfied Fig. 3 . Comparison between approximate and exact solutions for cumulative infiltration when convergence is not satisfied
